Abstract
The first known modeling attempt to estimate NH3 emission factors from different barn 104 management strategies is the work of Rotz et al. (2014) . In their study, the developed model 105
calculates emissions across different barns with or without floor scraping and flushing systems 106 as well as different floor types. A model-based tool that is able to evaluate the intensity, duration 107 and combination of multiple management techniques such as floor scraping and flushing, and 108 the effects of different floor types and manure treatment on NH3 emission reduction is still 109 lacking in current scientific literature. Such model would be useful, not only to assess the current 110 management practices and designs, but also to propose a suite of the best measures that can 111 be used in combination to develop 'low NH3 emission' housing barns for dairy cattle. 112
The aims of this research study were therefore to: (a) develop a process-based NH3 emission in various gaseous forms. In dairy cattle barns, the main form of N uptake by the animals is via 126 the protein present in feed (forage + supplements), which is then partially metabolized into live 127 weight gain and/or milk production. The remaining N consumed is excreted on the floor in the 128 form of urine and feces. The parcel of urine on the floor will have its urea mineralized into 129 ammonium (NH4 + ) which might in turn be transformed into gaseous N (N2), nitrous oxide (N2O) 130 and NH3 (Sutton et al., 2013) . The remainder of urine and feces falls through the floor slats into 131 the pit, where urine and feces are mixed together originating manure. In the manure pit, a series 132 of enzymatic reactions including bacteriological degradation will occur in addition to urea 133 mineralization, ultimately leading to gaseous emissions of N2, N2O and NH3. The exchange between gaseous and liquid NH3 is influenced by the properties of airflow (Ni, 161 1999) just above the liquid surface, which drives the convective transfer of gaseous NH3, 162 disturbing the equilibrium and stimulating the formation of more gaseous NH3. This process is 163 related to the volume of the emission source (e.g. urine puddle on the floor or manure in the 164 pit) and its nitrogen content (urea in urine and total ammoniac-nitrogen or TAN at manure pit). 165
According to Ni (1999) The total number of times (n) in which a single urine puddle is reloaded with fresh urine was 225 calculated with equation 11. In order to be used in the model, the value n was rounded to a 226 positive integer. In the case of this study, n was equal to 2.286 ~ 2. The rounded value of n was 227 interpreted here as the possible number of times in the course of a 24 h period that a single 228 urine puddle location containing relatively "old" urine was replenished with "fresh" urine. In the 229 case of this study (n = 2) the first urination was set to happen at the start of the 24 h period (t = 230 0 s), while the remainder urination event was randomly picked with the aid of a random number 231 generator, following an Exponential-Weibull distribution. The generic form of the Exponential-232
Weibull distribution function was adjusted so that the probability of occurrence of a certain 233 urination event is relatively lower immediately after a urination just occurred, while this 234 probability increases as time passes. While calculations of emissions from the floor involved two steps, pit emissions were 238 determined with a single step. Emissions of NH3 at the manure pit were calculated from TAN, 239
Apit, kpit, Fpit and Hpit with equation 13. It was assumed that the manure pit is an 'infinite' source 240 of NH3, and was constantly emitting it, hence negating the need to model emission peaks at 241 manure pit level. 242
Lastly, total emission rate in a 'per cow' basis (Ecow) was calculated by adding up the floor and 243 pit emissions for the same barn with Eq. 14. 244 245 2.3 Calculation of total barn NH3 emissions and NH3 emission reduction coefficient 246
The procedures described in section 2.2 were performed simultaneously for both standard and 247 alternative barns. The emission mitigation strategies applicable to the alternative barn were 248 modeled, as described in section 2.4. With the NH3 emission factors obtained for both standard 249 and alternative barns, an emission reduction factor was calculated with equation 15. 250
In order to account for the variability due to the random urine puddle generation feature of this 251 model, as described in section 2.2, NH3 emission reduction factors calculated in each simulation 252 were averaged after 100 automatic calculations, ceteris paribus and randomly determined 253 urination times. In this study, floor scraping refers to the use of manure scrapers (either robot or cable pulled). 269
The effect of a scraper was taken into account in the alternative barn by multiplying the NH3 270 emission factor at floor level on an animal-place basis (Ecow,floor, equation 12) by a 'scraping 271 inefficiency' factor (η), the higher the η the less efficient floor scraping was. The η was dynamic, 272
and defined by the pulse function in equation 16, which depended on the time elapsed after a 273 scraping event (tac). The function in equation 16 was adjusted to the experimental data of Dai & 274 Karring, (2014), who monitored the dynamics of urease activity of mixtures of fresh urine and 275 feces from dairy cows in the laboratory. 276
During a scraping event, η was set to a minimum value (ηmin), which reflects the 'clean' state of 277 the floor, immediately after a scraper passed. Although no information could be found in the 278 peer-reviewed literature concerning quantification of scraper cleaning efficiencies in dairy cattle 279 barns, it is known from observation in practice that ηmin will rarely be zero, i.e., perfect scraping. 280
Instead, some manure and urine is usually left behind, which will depend on factors such as floor 281 type, scraper model and maintenance conditions. Because no information for ηmin exists, a fixed 282 value of 0.4 was chosen based on expert judgement. This assumed value implies that 283 immediately after a scraping event happened, a residual NH3 emission of 40% was present. This 284 is a rather conservative value, and attempts to account factors such as floor type, (im)proper 285 maintenance and management of the scraping system. 286
The The effect of floor scraping on mitigation of NH3 emissions was modeled as the number of times 292 per day that the floor was scraped (scraping frequency). In the calculation of the emission 293 reduction factor when floor scraping was applied to the alternative barn, no floor scraping was 294 considered in the standard barn. 295 296
Flushing the floor with water 297
Floor flushing is defined in this study as homogeneously spraying water on the emitting surfaces, 298 with the purpose of rinsing off the urine puddles existing on the floor. The modeling approach 299 for flushing with water was based on the stoichiometry of a mixture of two solutions (urine and 300 fresh water) with two different pH values. ) of water and pH (adopted water pH was 8.2, as typically found in 312
Flanders, Belgium), as well as production rates and pH of urine and feces. 313
Both flushing rate and flushing efficiency (parcel of the sprayed water that remained on the 314 floor) were included as input variables to the calculation tool. The pH of the total volume of 315 urine, feces and water mixture that reaches the pit was calculated and the resulting pH at the 316 manure pit (assuming homogeneous mixing) was recalculated as well. 317 318 2.4.4 Acidification of manure in the manure pit 319
As described by Kai et al. (2008a) , the effect of acidification is achieved in practice by mixing acid 320 to the manure, and implementing an efficient (homogeneous) mixing system in the pit. 321
Assuming that good mixing is achieved, the effect of acidification was applied to the alternative 322 barn by lowering the pH of the manure. the parcel of nitrogen from urea in the urine puddle will get nearly depleted by emitting NH3, 354
and eventually get exhausted before it is replaced by a new puddle. 355
The effect of randomly assigning urination times to puddle generation and NH3 emission can be 356 seen in fig. 4 -A, which shows samples of hourly and cumulative NH3 emissions for 10 distinct 357 runs.
358
Each run in fig. 4 -A represents the occurrence of two NH3 emission peaks, representative of two 359 urinations. The first urination always occurred at t = 0 s, while the second was randomly 360 generated. In fig. 4 -B, one can see how different urination times for different runs affected the 361 cumulative emissions of NH3. For the runs in which the emission peaks occurred further away 362 from one another, the daily cumulative NH3 emission was higher (e.g. runs 3 to 10). 363
Conversely, for the runs in which the emission peaks were closer (e. g. runs 1 and 2), the daily 364 cumulative emissions reached lower values. The lowest cumulative emission occurred for run 2, 365 to which the urination times of both peaks occurred at the same time, meaning that only one 366 emission peak took place over the course of 24 h. 367
The effect of different urination times on daily cumulative emissions was taken into account by 368 automatically repeating the calculation 100 times, and averaging these for the final emission 369 factor. 370
An important aspect to consider is that, for modeling purposes, floor level NH3 emissions is first 371 calculated at a single puddle basis, this is done with equation 9 (table 1) . Then emissions are 372 converted to an 'animal-place' basis with equation 12 (table 1) , taking into account aspects such 373 as stocking density and cow's urination behavior. Most of the NH3 emission mitigation 374 techniques are modeled at this broader 'animal-place' level. In the conditions of the standard 375 barn, we consider a total of 10 urinations per day in the floor area occupied by one single cow 376 of 3.9 m 2 (table 2), these urinations events will take place randomly as explained in section 2.2. 377
This means that the floor area allocated per cow remains mostly covered with urine, and one 378 can think of for floor area occupied by a one animal as a single urine puddle composed of 379 multiple puddles, some older some newer. 380
In this context, instead of occupying floor area and replace urine, the fraction of feces that 381 remain at the floor will be eventually covered by or mixed with urine (transforming into manure), 382 and thus will continue to emit as well. Cow's activity on the walking alley likely enhances feces 383 and urine mixing at floor level. 384
If floor is not cleaned, the gradual increase of dirt causes the layer thickness or depth of urine 385 puddle to increase in time (see equation 10 in table 1), in fact floor dirt encloses urine, hence 386 increasing volumes of puddles, preventing them from drying out or drain into the manure pit. In 387 such cases, the emission peak described in fig. 2 ). However, we recommend that 417 the decision of which of the three management-based emission reduction means only be made 418 after an appraisal of the economic costs, which is outside the scope of this study. 419 We rather suggest that, instead of relying on a single management technique, several should be 420 applied simultaneously whenever feasible. Model simulations with combinations of multiple 421 techniques yielded reduction coefficients that are cumulative. Results from the model 422 combining multiple mitigation techniques are presented in section 3.4. 423
Concerning the results of the sensitivity analysis for manure acidification, we would like to 424 highlight the hazards of this practice and potential drawbacks of it. The developed model makes 425 no distinction of the type of acid used. However, in practice the addition of sulfuric acid, for 426 instance will lead to the introduction of additional environmental contaminants. If nitric acid is 427 used, then more N is added to the manure for land application. Furthermore, in fig. 7 it can be 428 seen that decreasing manure pH from 5 to lower doesn't lead to any improvement of the 429 emission reduction factor. In fact, a manure pH of 5 is potentially a hazardous situation for 430 employee contact and under application conditions, and should be avoided. 431
The comparison (table 3) contribution to reducing emissions is at least 27% (see Fig.7 ), since no emissions would come 459 from the manure pit. The reduction factors calculated from acidification of manure assume that 460 the properties of the manure pit (especially pH) are constant. 461
Finally, the effect of using solid floors instead of slatted floors combined with scraping and 462 flushing were also modeled (table 4). The obtained reduction factors were rather low, varying 463 between 13 and 27%. The benefit of using solid floors is that emissions from the manure pit level 464 are nearly zero, assuming that the manure pit is perfectly sealed. In the standard dairy cattle 465 barn, as considered in this study, the proportion of NH3 emissions from floor and manure pit is 466 70 and 30%, respectively. Significantly lowering manure pit emissions with the use of indoors 467 emission reduction mitigation results in a manure that is richer in N, improving its quality when 468 used for composting and/or direct field application as fertilizer (De Vries et al., 2015a, 2015b). 469
When it comes to floor emissions, solid floors have the potential to emit much more than slatted 470 floors, simply because the urine puddles will be larger, or in the case when the urine-feces 471 transport to storage is not working properly, then even more feces and urine will be left on the 472 floor, potentially resulting in even more emissions. to obtain better uniformity between both assessment methodologies. 499
The model in principle can also be used to calculate NH3 emission reduction factors from 500 management-based techniques such as feed manipulation, optimized ventilation, separation of 501 urine and feces and cooling of manure surface in the manure pit. Seasonality effects on the 502 modeled system, such as temperature changes at floor and manure pit, can also be accounted 503
for. However, a description of these techniques and their emission reduction factors was 504 omitted in this study, because of a lack of empirical data for validation. 505
In this context, the current version of the model neglects the fact that manure and urine pH are 506 rather dynamic (we assume pH to remain constant), while there is increasing amount of 507 evidence suggesting that pH actually decreases in time as observed by Dai and Karring (2014) , 508 which can significantly impact emissions. However, we didn't find any study in the literature 509 providing empirical equations of urine and manure pH as a function of time and their resulting 510 impacts of NH3 emissions. 511
Furthermore, we would like to highlight that floor cleanliness conditions after scraping events 512 are particularly important, in terms of residual NH3 emissions. In fig. 8 three cases of floor 513 cleanliness conditions are specified. The case of fig.8 -A can be considered as a reference, when 514 the floor hasn't been scraped for a while. The floor looks very wet, which indicates the presence 515 of urine and manure. The case represented in fig.8 -B, the floor was cleaned by a pulled scraper, 516
and one notices that a thin layer of manure (mixture of urine and feces) is left behind. In this 517 case, scraping equipment likely needs maintenance. In the case of fig.8 -C, the floor has just been 518 scraped by a robot, and looks fairly clean. We recommend that if the proposed model is used to 519 advice the use of floor scraping frequency as an NH3 emission mitigation means, it be subjected 520 to the proper the choice of a scraping system that is well maintained. E -E cow, std cow, alt R = ×100 E cow, std     R -ammonia emission reduction factor of the alternative barn in relation to the standard barn (%);Ecow ,std and Ecow,alt -ammonia emission rate in a 'per-cow' basis for the standard and alternative barns, respectively (kg•s 
